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I. Introduction
CTIVE airflow control consists of manipulating a flow to affect a desired change. For example, efficient flow control systems could modify the laminar-turbulent transition inside the boundary layer, prevent or induce separation, reduce the drag and enhance the lift of airfoils, stabilize or mix airflow in order to avoid unsteadiness which generates unwanted vibrations, noise and energy losses. This is of large technological importance for industries where internal and external airflows occur, and more specifically for aeronautics.
Among all the active control methods, a recent technology using non-thermal dielectric barrier discharge (DBD) plasmas is in full expansion. Indeed, although more conventional mechanical devices may be effective, they have some drawbacks. In particular they add weight and /or volume, they may be complicated, and they are potential sources of noise and vibration. Moreover, their components are subject to wear and may break down. In contrast, plasma actuators do not exhibit all these drawbacks.
II. Experimental Setup
A schematic diagram and some pictures of the experimental setup are shown in Figs. 1 and 2, respectively. This consists of a channel with lower and upper walls of width w = 90 mm each embedding a DBD plasma actuators. These walls are sandwiched between two side walls with slots that allow adjusting the distance between the lower and the upper wall, i.e. the channel height h, in the range of 2 to 30 mm. The nominal values of h explored in this study are 2, 3, 4, 5, 6, 8, 10, 20, 30 mm and which corresponds to the case of a single DBD plasma actuator open to the ambient. All the walls are made of 15mm thick Plexiglass. The walls at the entrance of the channel are contoured so to minimize the contraction of the flow and the associated losses.
Each DBD plasma actuator is flush mounted in a recess of the wall which spans the whole width of the channel. The actuators were fabricated by using copper clad PCB laminates with uniform relative permittivity (2.2 at 10 GHz) and low dissipation factor (0.0009 at 10 GHz). The dielectric material of the laminates is 1.5 mm-thick PTFE coated woven fiberglass fabric and the electrodes' material is 18 m-thick electrodeposited copper. The exposed (upstream) electrode is 8 mm long in the streamwise direction and 80 mm wide in the spanwise direction, Fig. 2 b) . The buried electrode, indicated by dashed lines in Fig. 2 b) , has same width and is 15 mm long. To ensure that the discharge occurs only on the exposed surface, the buried electrode is covered by a layer of Kapton sheet.
The electrical circuit of the setup is shown in Fig. 1 . A sinusoidal high voltage is applied to the exposed electrodes of the two actuators whereas the buried electrodes are grounded. The voltage is provided by a PVM500 plasma driver. This plasma driver can produce an output voltage up to a maximum of 40 kV (depending on the loading). There is no provision for an input signal and the output signal waveform is only sinusoidal in the frequency range from 20 to 30 kHz. However there is an adjustable duty cycle, which allows delivering different power output (maximum 200 watts). The PVM500 unit allows the users to tune a capacitive load within the range of 25 to 200 pF. This feature is to diminish the reactive components so to deliver the maximum power to the load (impedance matching). A safety shutdown circuit prevents overload of the driver in case of circuit breakdown. In this study, we apply two voltages of 8 kV pp and 12 kV pp at a frequency of 25 kHz. Although the frequency is slightly higher than those explored by other groups, it is still meaningful.
The actual voltage at the exit of the plasma driver and across the DBD plasma actuators is measured with a Tektronix P6015A high-voltage probe. The probe includes a compensation unit through which the signal is passed to the measuring device and a ground clip that is connected to the ground point of the circuit under test. The current through each DBD plasma actuator is obtained by measuring the voltage across a 75 resistor in series with the grounded electrode. The voltage and current signals are observed and recorded simultaneously through a Tektronix TDS2024B oscilloscope which is able to collect 2000 samples per channel at a frequency up to 2 MHz. Such a high sampling frequency is necessary to resolve the spikes of the current signal.
A miniature pitot probe schematized in Fig. 1 was used to perform steady pressure measurements on the flow induced downstream of the actuators. The diameter of the opening in the tip of the pitot probe is 0.69 mm. This small pitot probe was mounted on a micro-step 3D traverse system that allows step increments as small as 2 m along its three axes. In the current study we surveyed the flow characteristics at various x (streamwise) locations downstream of the exposed electrodes along the channel centerline by scanning the flow in the z direction (normal to the actuator surface). To avoid arching to the probe tip, the minimum downstream distance is x = 15 mm. Steps increments z = 0.25 mm were used close to the walls (z < 4.25 mm) whereas larger increments z = 0.5 mm were used at larger distances. The pitot probe was connected to a Setra model 264 pressure transducer capable of measurements in the 0 to 249 Pa range. The transducer was calibrated before and after each set of experiments and the calibration parameters were used in the processing of the pitot data. The voltage from the transducer was acquired at 10 kHz by a National Instruments PXI6122 multifunction DAQ board. This board also controlled the movements of the 3D traverse system. The typical sequence for the data acquisition at each point of the flow consisted of moving the tip of the pitot probe to this point, wait for 1 second for settling of the pressure in the pitot system, trigger the acquisition of the voltage and current signals through the oscilloscope and acquire a pressure signal of 1-second duration, then record all the signals in a designated file. The waiting time extended to 4 seconds close to the walls since here the pressure settling took longer, especially close to the actuator. All the velocity measurements were conducted in a protected environment so to eliminate any external flow (e.g. due to room ventilation or to the movement of people) which could adversely affect the small flow velocities measured. Figure 3 shows the velocity profiles u(x,z) measured by scanning the flow in the z direction (normal to the actuator surface) at different locations x downstream of the exposed electrode for the case of a single DBD plasma actuator open to the ambient and operating at 8 kV pp . This configuration corresponds to lower surface of a channel with infinite distance between the upper and lower surfaces (h = ). At x = 15 mm, the closest location to the exposed electrode at which the tip of the pitot probe can be placed without risk of arching, the maximum velocity value is about 2.0 m/s. The velocity reduces and its profile broadens moving downstream. Overall the velocity profiles resemble those of a wall jet. Analogous profiles are shown in Fig. 4 for the actuator operating at 12 kV pp . In this case the higher voltage applied to the actuator produces a wall jet with higher velocity values. The maximum velocity measured at x = 15 mm is about 4.9 m/s. Figure 5 shows the velocity profiles u(z) measured at x = 63 mm for different values of the channel height h with the lower and upper actuators operating at 12 kV pp . The downstream location x = 63 mm is as close to the exposed electrodes as the tip of the miniature pitot probe can reach from the channel exit, Fig 1. For the case of h = the downstream distance is actually x = 60 mm (the same profile is shown in Fig. 4) . The discrepancy between these values of x is considered inconsequential for the scope of this analysis. At h = 30 mm the lower and upper actuators operating at 12 kV pp appear to produce distinct wall jets that have minimal combined effect on the flow, as indicated by half of the velocity profile for h = 30 mm being very similar to the profile observed with h = . As h decreases the wall jets progressively merge by gradually filling and then increasing the center of the velocity profile until this approaches a shape similar to a Poiseuille flow. For the same configurations Fig. 6 shows the velocity profiles measured at the exit of the channel (x max = 86 mm) for which analogous observations can be made. Velocity profiles analogous to those in Figs. 5 and 6 were obtained with the actuators operating at 8 kV pp . For the sake of brevity these are not shown here as they show similar features but with overall lower velocity values.
III. Results
Figures 7 and 8 plot the maximum values of the velocity profiles u max versus the channel height h. Figure 7 shows that at 12 kV pp the maximum velocity measured at x = 63 mm increases with decreasing h and reaches a value about twice that of the wall jet produced by a single DBD plasma actuator (h = ). The value of u max obtained at h = 30 mm is lower than that at h = which we believe can be corrected by statistical analysis with additional velocity measurements (see also Fig. 5 for h = and 30 mm). At 8 kV pp the maximum velocity is lower and does not increase with decreasing h but rather reaches a maximum at h = 4 mm. This suggests that, for a given length of the channel, the flow viscosity becomes increasingly dominant with decreasing the channel height, an effect that, at this voltage, balances and eventually reduces the raise of u max obtained by decreasing the distance between the lower and upper actuators. Figure 8 shows the data obtained at x max = 86 mm. For actuation at 12 kV pp the largest value of u max is obtained with h = 3 mm. This is about twice the value obtained in the same conditions with h = . Further decreasing the channel height does not seem to benefit u max , possibly due to the increasing effect of the flow viscosity with increasing the x/h ratio. Similarly, decreasing h for actuation at 8 kV pp initially produces a moderate increase of u max followed by a drop of its value at smaller values of h. The trends observed in Fig. 8 (2) Figure 11 shows the values of F w obtained for the wall jets and for the DBD-plasma-driven channel flows at x = 63 mm downstream of the exposed electrode. Similar to the case of the mass flow rate, F w at large values of h is about twice that of the wall jet measured at the same location. For h < 10 mm F w drops quickly as a result of the decreased mass flow rate in the channel. Similar trends can be observed for F w obtained at x max = 86 mm in Fig. 12 . Even though the force per unit span rapidly decreases with h, it is interesting to note that, at least for actuation at 12 kV pp , the force per unit span of the channel flow is greater or about equal to that of the wall jet for all but the smallest channel height of 2 or 3 mm. This indicates that, in spite of its reduced mass flow rate, the channel configuration is capable of producing a useful momentum concentrated in a narrow flow.
IV. Conclusion
Initial measurements of the flow velocity induced by DBD plasma actuators mounted on the opposite walls of a channel have been acquired and analyzed. Velocity profiles were obtained with a miniature pitot probe at two locations downstream of the exposed electrodes for different values of the separation between the opposite walls. From these the mass flow rate and the force per unit span of the channel were calculated. The results are compared with the corresponding values of wall jets induced by a single DBD plasma actuator, the typical configuration for this type of device. The results indicate that at large values of the separation between the opposite actuators these produce independent wall jets. As the separation decreases the wall jets merge and create a flow resembling the Poiseuille type. The merged flow in the channel has a velocity about twice that of the corresponding wall jet. The mass flow rate of the channel rapidly decreases with the wall separation. However the force exerted by the flow per unit span of the channel remains comparable to that of the corresponding wall jet except for the smallest values of wall separation. When the separation between the walls becomes too small, the flow viscosity becomes increasingly dominant which balances or reduces the raise of the flow velocity obtained by decreasing the separation between the DBD plasma actuators.
Additional measurements for this type of flow will be carried out in the future by using particle image velocimetry (PIV) to capture the velocity flow field and by using hot-wire measurements to time-resolve the fluctuations of the flow velocity at selected locations of the channel. At the same time, a larger spectrum of actuation voltages and frequencies will be explored.
It is anticipated that the effectiveness of the channel flow proposed in this study could be increased by using a series of phased DBD plasma actuators on the opposite walls of the channel. A device of this type could be used to create a non-continuous small suction device or a small jet as demanded by flow control applications. 
